south China since the late 1970s and this situation has continuously deteriorated [6] . Large soil areas in southern China have been highly acidified and heavily polluted.
Monitoring data from 1993 to 2004 in southwest China showed that 23.53% of the monitoring stations recorded rainwater with pH<4.0, 17.65% with pH<4.5, and 47.06% with pH<5.6 [7] . Acid rain is one of the most serious emerging environmental problems because of air pollution [8] . Acid precipitation may result in visible toxicity symptoms in plants, including chlorotic spot and necrotic spot in leaves. Acid rain also elicits other negative effects, such as inhibiting photosynthesis, flushing off nutritive elements, disrupting water balance, and reducing enzyme activities [9, 10] . Therefore, researchers have suggested that acid rain is a possible contributor to forest decline [11, 12] . However, besides the inhibitory effects, acid rain may have promotional effects on plants [13] . For instance acid rain contains a mixture of a variety of substances including ions such as H + , SO 4 2- , NO 3 , which are essential mineral elements required by plants [14] . Other plants depend on acid rain to acquire nutrients; hence this system is complex and dynamic.
Acid rain results in soil acidification, which increases the exchange between hydrogen ions and nutrient cations such as potassium (K) and calcium (Ca) in plants. As a result, acid rain elicits a two-sided effect on trees [15] . Thus acid rain-tolerant plants can be used not only to alleviate vegetation degradation but also to increase the biodiversity and productivity of the ecosystem in this acid rain-prone region [16] . The effects of different types of simulated acid rain (SAR) on tree plants have been occasionally studied [17] . Castanopsis sclerophylla, Cinnamomum camphora, Manglietia fordiana, Pinus massoniana, and Elaeocarpus glabripetalus are heliophilous and dominant species in forest ecosystems that are distributed in large areas in southern China [18] . However, limited information is available regarding the responses to SAR and the mechanisms by which acid rain affects these trees [19] .
The detrimental effects of acid rain greatly depend on the acidity of the rain. Rain with pH < 3.0 can cause significant damage to trees [20] . Therefore, the effects of different pH levels of SAR on the growth, chlorophyll content, and net photosynthetic rate (Pn) of trees should be further clarified in detail. In China, the rain monitoring data have indicated that rain is acidic in most places, where pH ranges from 2.3 to 4.4 [21] . The forest and agricultural region of southern China receives acidic precipitation with an annual weighted-mean pH of 3.6. However, pH varies with time [22] . This study aimed to investigate the relative sensitivity of five economical important trees species to acidic rain. The response of these five species to SAR exhibited a practical significance in forest protection. This study also aimed to determine the relative susceptibility of five economically tree species to environmental stress and provide the basis of appropriate tree or plant species selection for the ecological restoration of acid rain-polluted environments.
Materials and Methods
The experiment was conducted in Zhejiang Agriculture and Forestry University of Lin'an, Hangzhou City, Zhejiang Province, China (119º44′ E, 30º16′ N). The area experiences humid subtropical monsoon climate characterized with the following parameters: mean annual temperature of 16.4ºC with maximum and minimum temperatures of 40.4 and -9.2ºC in July and January, respectively; annual total solar radiation of 1,847.3 h; average annual precipitation of 1,628.6 mm; and mean relative humidity of 80%.
Five wood species (C. sclerophylla, C. camphora, M. fordiana, P. massoniana, and E. glabripetalus) were used in the experiments. Two-year-old tree seedlings of each species were carefully selected and collected from broadleaf and coniferous forests. These seedlings were then cultured in pots (one plant per pot) filled with soil collected from the same forests. Afterward, the plants were placed in an open area. The experiment was conducted in a glasshouse, in which sides and rooftops were left open. In this setup, the trees did not receive any ambient rain.
Simulated acid rain (SAR) was prepared by adding H 2 SO 4 and HNO 3 to a base solution at a molar ratio of 1:1 (H 2 SO 4 :HNO 3 ). Deionized water was used as a diluent and the control sample. Solutions were further diluted with deionized water to obtain the required acidity levels. SAR exposure tests were conducted early in the morning or evening to avoid treatments under high temperatures and high irradiances during the day. Young trees were sprayed with a diluted SAR solution with various pH levels of 5.6 (control), 4.0 and 2.5 twice a day for a 1 hr period at a rate of 2.2 mm·hr -1 . Approximately 20 mm of precipitation was applied in the experiment for 5 d. The frequency of SAR events and the quantity of SAR applied approximated longterm average for the study area. Deionized water was irrigated to avoid water deficit. Normal water and pest management were implemented during the culturing period.
Plant growth of five wood species was determined in September 2013 (from May to November). The plant height was measured with a ruler. Stem diameter was determined with a Vernier caliper. The chlorophyll content of the leaves was assessed using a SPAD-502 chlorophyll meter (Minolta, Osaka, Japan). Photosynthetic rates (oxygen production) were obtained from the foliage in the field on sunny days of the current year by using a LI-6400 photosynthesis meter (Li-Cor, USA) and a one-fourth liter chamber. All of the measurements were performed for 20 s. The temperature control of LI-6400 was set to track ambient air temperature. The fluorescence characteristics of chlorophyll were also determined on sunny days using a portable, pulse amplitude-modulated fluorometer (PAM-2100, Walz, Effeltrich, Germany). The minimal (dark) fluorescence yield was obtained with weak modulated light (0.04 μmol·m -2 s -1
). The maximal fluorescence yield was then obtained with a 2 s pulse of saturated light (6,000 μmol·m . All of the measurements were performed five times on the lamina, which is midway between the base and the tip of mature leaves. Photosynthesis measurements were analyzed using the repeat option in the analysis of variance procedure. Statistical significance was accepted at P<0.05. Results were expressed as mean±standard deviation (SD).
Results and Discussion
Acid rain may affect photosynthesis by altering the chemical and morphological characteristics of leaves, pH balance in cells, carbon partitioning, membrane integrity of the chloroplast, and stomatal conductance [23] . Three influential types of acid rain on the tree species were observed after the trees were exposed to SAR: (a) inhibitory, (b) promotional, and (c) promotional at low acidity but inhibitory at high acidity (hormesis).
(a) Inhibitory Type At different SAR treatments P. massoniana seedlings showed a significant decrease in growth ( Figs. 1 and 2) . Growth parameters such as plant height and stem diameter of P. massoniana decreased as the acidity of SAR increased. A decrease in chlorophyll content was also observed in P. massoniana leaves (Fig. 3) . These changes in plant growth and of chlorophyll content of P. massoniana seedlings caused by SAR could be a consequence of reduced photosynthesis. The change in Pn of P. massoniana leaves exposed to SAR is shown in Fig. 4 . The Pn of P. massoniana treated with SAR decreased by 20% and 34% at pH 4 and 2.5 of SAR, respectively. This result suggested that P. massoniana was susceptible to acid rain. Thus the growth and Pn of tree species like P. massoniana was significant reduced in response to all SAR treatments belonged to the inhibitory type. With the increase of SAR acidity, the damage of seedlings became heavy when the acidity of SAR increased.
(b) Promotional Type
In contrast to P. massoniana, E. glabripetalus exhibited a strong tolerance to acid rain. Plant height, stem diameter, and chlorophyll content of E. glabripetalus were significantly higher than those of the control after these plants were exposed to SAR (Figs. 1-4) . The Pn of E. glabripetalus was induced as the acidity of SAR increased. This result suggests that the nutrient element of SAR supported the growth of this species and impeded the possible Differential Sensitivity of Growth... 2261 toxic effects of SAR on E. glabripetalus at different pH levels used in this study. Therefore, SAR promoted rather than inhibited E. glabripetalus seedlings. These tree species were reported to be highly endurable to acid rain after being processed by the SAR, the Pn of these species became significantly higher than control, suggesting that the promotional effect of the nutrient element of the SAR predominated over its toxic effect over the range of the investigated pH. These plant species belonged to the promotional type to SAR.
(c) Promotional Effect at Low Acidity but Inhibitory at High Acidity Type
For M. fordiana, C. sclerophylla, and C. camphora, SAR elicited inhibitory effects on plant growth parameters at pH 2.5. At pH 4.0, such inhibitory effects were no longer observed; instead, plant growth was promoted. Plant growth, chlorophyll content and the Pn of M. fordiana, C. sclerophylla, and C. camphora seedlings at pH 2.5 were significantly lower than the control (Figs. 1-4) . However, increased growth, chlorophyll content and Pn in these wood species were observed when exposed to pH 4.0 compared with pH 5.6. Hence small amounts of SAR increased Pn.
These contrasting results indicated that acid rain may elicit two-sided effects -growth-promoting and -inhibiting effects. In particular, low acidity may promote growth and photosynthesis, whereas high acidity may inhibit the photosynthesis of the three plant species.
Acid rain has been considered a major stress factor affecting forest species; the negative effects of acid rain have been extensively studied because acid rain adversely affects forest health. Furthermore, this condition may cause foliar injury to plants and affect growth and yield. Although the direct impact of acidic precipitation on a forest is not yet completely understood, the susceptibility of trees to acid rain remarkably varies with tree species [24] .
This study investigated the tolerance of five plant species to acid rain. Acid rain can cause a decrease in photosynthetic rate, loss from leaves, alterations of water balance, changes in enzyme activities, and ultrastructures of chloroplasts and mitochondria [25] . The results of our work showed that tree species differed in terms of their tolerance to acid rain, thus numerous indexes are necessary to evaluate stress resistance comprehensively [26, 27] . In the present study, the symptoms of five wood species on growth, height, chlorophyll content of leaves, and Pn of the five species were determined. These parameters were remarkably
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Tong S., Zhang L. observed in the seedlings exposed to SAR at different pH levels compared with those in the control plants. P. massoniana seedlings showed significant reductions in growth and net photosynthetic rate in response to all SAR treatments. Liu also showed that photosynthetic rate of P. massoniana treated by SAR also decreased [28] . This was consistent with the finding of this study, both suggesting that P. massoniana is a sensitive species recommended for protection. These results also supported the idea that conifers were more susceptible to acid rain than broadleaf trees. The susceptibility of P. massoniana to acid rain may be one of the reasons for the dieback of P. massoniana in China. However, for M. fordiana, C. sclerophylla, and C. camphora, inhibitory effect was observed at pH 2.5, while at pH 4.0 the promotional effect became predominant. Thus, these three species could be used for re-vegetation of acid rainpolluted areas. E. glabripetalus exhibited the strongest resistance to acid rain. Plant height, stem diameter, and chlorophyll content of E. glabripetalus under SAR treatment were significantly higher than control. This result suggested that growth was promoted because nutrient elements in SAR elicited positive effects at different pH levels used in this study. Lee et al. reported that Quercus serrata and Alnus firma are species that can tolerate SO 2 and Al, respectively [29] . In addition, acid rain also elicited different sensitivity on the growth and photosynthesis of five tree species seedlings. The changes in growth and photosynthesis of the trees exposed to SAR treatments may be secondary negative effects of acidity. Seedling growth, chlorophyll content, and Pn of three species (C. sclerophylla, C. camphora, and M. fordiana) exposed to SAR were all in the order of moderate acid rain > control > heavy acid rain. This result suggested that moderate acid rain promoted growth and photosynthesis to some extent. The effects of SAR on different tree species in southern China corresponded to different susceptibilities to acid rain [30] . Therefore, acid rain poses a greater threat to P. massoniana growth in the long term. In this study, seedlings were used and may perfectly represent the mature tree. Further studies should be conducted to elucidate the responses of mature tree to acid rain [31] . In particular, among the five tree species, E. glabripetalus exhibited the highest tolerance to acid rain. SAR significantly promoted the growth of E. glabripetalus. The stress tolerance of these trees to SAR was observed in the following order: E. glabripetalus > C. sclerophylla, C. camphora, M. fordiana > P. massoniana. Although the sensitivities of tree species were totally different from one another, it is clear from these data that low pH falling in forest may result in a decrease or increase in growth potential over wide areas [32] . As acid deposition increases in the reserve, this may be one of the stresses currently leading to the decline of P. massoniana. However, SAR did not affect the final mortality of trees.
It is surprising, in our studies, that we also found exposure to SAR at pH 2.5 to 5.6 did not elicit any significant effect on the final mortality of five tree species. In general, acid rain is harmful to vegetation by directly accumulating on the foliage or indirectly by leaching of nutrients from the soil [33] . Although forests are exposed to various threats, acid rain unlikely affects the final forestry damage. The overall results of the forestry damage may also be influenced by other environmental factors such as air temperature, light intensity, and soil water potential pollution [34] . Environmental stresses are supposed to affect photosynthetic processes in the long term. Therefore, further research is needed to assess the long-term effects of acidic precipitation and other environmental factors on different tree species to maintain ecological balance. Moreover, the effects of other environmental factors should be reduced to improve the accuracy and repeatability of this experiment.
Hence, this study was first to demonstrate that SAR, resembling the effects of acid rain under natural conditions, could elicit various effects on different plant species. The results showed that acid rain-tolerant plants could be used for ecological restoration in regions exposed to high incidences of acid rain. Furthermore, these results provide insight into how to protect the forest ecosystem environment and forest health from acid rain damage in the future. It also has important significance in sustaining ecological balance and to avoid acid rain-related irreversible harm to the world's environment.
